Flexible energy storage units are highly desired to meet the ever-increasing demands for flexible electronics. In this paper, highly flexible solid-state supercapacitors are fabricated using MnO 2 -decorated nanocarbon electrodes and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide-poly(vinylidene fluoride)- 
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Introduction
The ever-increasing demands for exible, portable electronics [1] [2] [3] [4] [5] [6] [7] [8] are driving research on exible energy conversion and storage units. [9] [10] [11] [12] [13] As some of the major energy storage devices, supercapacitors have been widely used in high-power applications 14-17 because of their higher energy density than dielectric capacitors and higher power density, longer cycle life than batteries. [18] [19] [20] [21] [22] [23] Nevertheless, the conventional supercapacitors use rigid packages which are not applicable in exible electronics. 24 In addition, the liquid electrolyte has leakage risks.
24,25
Therefore, high-performance exible solid-state supercapacitors are highly desired to meet requirements in the future exible electronics. Supercapacitors can be classied into two types, electrical double-layer capacitors and pseudocapacitors, in terms of charge storage mechanisms. 26 Carbon materials 16, 27 are promising electrode materials for electrical double-layer capacitors, which have high power density and long cycle life but suffer from relatively low capacitance. Transition metal oxides have been studied as pseudocapacitor electrodes because of their much higher capacitances as compared to carbon materials. Among them, manganese oxides have been studied extensively due to the low cost, abundance, and environmental friendliness.
26-29
To develop exible solid-state supercapacitors based on manganese oxide/carbon hybrid structures can fully utilize both advantages of double-layer and pseudocapacitances to achieve enhanced energy and power densities. Up to now, a number of exible manganese oxide/carbon hybrid structures have been investigated for supercapacitors by depositing manganese oxides onto various carbon materials. 26, [28] [29] [30] [31] In those studies, however, the electrochemical performance of manganese oxide/carbon hybrid electrodes was not studied for nonliquid electrolytes, which are more suitable for exible and solid-state devices. Recently, Yuan et al. have fabricated exible solid-state supercapacitors based on MnO 2 /carbon hybrid electrodes and phosphoric acid-polyvinyl alcohol (H 3 PO 4 -PVA) gel electrolyte, which provide an energy density of 4.8 W h À1 kg À1 . 25 Nevertheless, due to the limited electrochemical potential window of the H 3 PO 4 -PVA gel electrolyte ($1 V), further efforts are required to improve the energy density of the solid-state devices. As a class of promising electrolytes, ionic liquids have attracted attention due to their high ion conductivity, nonvolatility, high thermal stability, and broad electrochemical potential windows (as high as 3-3.5 V). 32 Investigations have been conducted to evaluate the application of ionic liquids in manganese oxide based supercapacitors. 33, 34 It is suggested that the charge storage mechanism of MnO 2 in ionic liquid is mainly ascribed to anion insertion/deinsertion process, which compensates the Mn valent state change. 33, 34 In this work, exible solid-state supercapacitors were fabricated using MnO 2 -decorated nanocarbon electrodes and . Moreover, the devices can maintain high electrochemical performance under large mechanical stress and hence are suitable for exible electronics.
Experimental section

Preparation of the CNT/CNO lms
CNT/CNO lms were prepared by vacuum ltration of a CNT/ CNO solution using porous mixed cellulose ester (MCE) membranes (0.45 mm, 47 mm in diameter). CNTs with a specic surface area (SSA) of 407 m 2 g À1 from Cheaptubes, Inc. were used.
CNOs having an SSA of 450 m 2 g À1 were synthesized by a laserassisted combustion process. 36 CNTs and CNOs at a weight ratio of 1 : 1 were dispersed in deionized (DI) water using sodium dodecylbenzenesulfonate as a surfactant. CNT/CNO lms were prepared by ltration of the solution through porous MCE membranes and drying at room temperature for 2 h. The deposited CNT/CNO lms were placed on adhesive tapes and treated with acetone vapor for 2 min to make the MCE membranes transparent and highly exible. 37 Aer removal of the tape, the resulting exible CNT/CNO lms were cut to the desired size for electrodeposition of manganese dioxide (MnO 2 ).
Electrodeposition of MnO 2 onto the CNT/CNO lms
Electrodeposition of MnO 2 was carried out in an aqueous solution of 0.02 M MnSO 4 $H 2 O and 0.2 M Na 2 SO 4 using chronoamperometry. 28 The CNT/CNO lms, platinum foil, and a Ag/ AgCl wire were used as the working, counter, and reference electrodes, respectively. The applied potential is $0.9 V. The time for electrodeposition of MnO 2 on CNT/CNO lms was from 1 to 15 min.
Fabrication of exible solid-state supercapacitors
The exible solid-state supercapacitors were fabricated using the MnO 2 
Characterization
A eld-emission scanning electron microscope (Hitachi S4700 FE-SEM system, maximum resolution of 1.2 nm at 25 kV) was used to study the morphology of the electrodes. A Renishaw inVia dispersive micro-Raman spectrometer with a 514 nm excitation source was used for Raman spectroscopic study. A standard 50Â objective was used for the Raman characterizations, which provided a focal spot diameter of $2 mm. The XRD patterns were obtained with a Bruker-AXS D8 Discover High-Resolution diffractometer using Cu Ka radiation. The electrochemical investigation of the exible solid-state supercapacitors was conducted on a CHI 760D (Shanghai Chenhua, China) electrochemical workstation.
The capacitance of supercapacitors from a cyclic voltammogram (CV) was given by:
where i is the response current, DV is the potential range of CV, v is the potential scan rate, respectively. m is the mass for the MnO 2 /CNT/CNO electrodes. Additionally, capacitance from galvanostatic chargedischarge (GCD) was calculated using the following formula:
where i is the constant current, and dV/dt is the slope of the discharge curve. The energy density of the supercapacitors was estimated by:
where DU is the discharge potential aer the iR drop. The power density of the supercapacitors was given by:
Results and discussion
CNT/CNO lms were prepared by vacuum ltration of CNT/CNO solution using porous mixed cellulose esters (MCE) membranes. Fig. 1a shows a photograph of a typical CNT/CNO lm, which is highly exible. The sheet resistance of the CNT/ CNO is $30 U ,
À1
. Fig. 1b shows a scanning electron microscope (SEM) image of the CNT/CNO lms. In contrast to the CNT lms (Fig. 1c) , in which CNTs are densely entangled, CNT/ CNO lms use CNOs as spacers to separate CNTs and introduce more mesopores inside the CNT/CNO lms. For electrodeposition of functional materials, mesopores can reduce pore blocking during the deposition process. 20, 26 The CNT/CNO lms with large SSA and high conductivity were used as the backbone for the electrodeposition of MnO 2 . The electrodeposition of MnO 2 was conducted in a solution containing 0.02 M MnSO 4 and 0.2 M Na 2 SO 4 . Fig. 2a-d shows the morphologies of CNT/ CNO lms with MnO 2 deposition for different times. By increasing the deposition time, more MnO 2 is deposited on the CNT/CNO lms. For a deposition time of 1 min, a thin layer of MnO 2 is coated on the surface of the CNT/CNO lm, as shown in Fig. 2a . The MnO 2 layer deposited is not well connected, as indicated by the pores shown in Fig. 2a . By increasing the deposition time to 2 min, a continuous MnO 2 lm is formed on the surface of the CNT/CNO lm (Fig. 2b) . The continuous MnO 2 lm prevents Mn ions from penetrating and reaching the CNT/CNO lm which would stop the growth of MnO 2 on the CNT/CNO backbone. 28 Further increase in the deposition time leads to a thickness increase in the MnO 2 lms (Fig. 2c and d) , which increases the ion transportation path and slows down the faradaic redox reactions. The bands ranging from 100 to 300 cm À1 are ascribed to the radial breathing modes of the CNTs. 41 As shown in Fig. 3a , the intensities of radial breathing modes of the CNTs decrease with an increase in the deposition time. The Raman band signals for MnO 2 increase with increasing deposition time. For a deposition of 1 min, only a broad band ranging from 400 to 700 cm À1 is observed, indicating poor crystallinity of the MnO 2 deposited. With deposition times longer than 2 min, Raman bands for MnO 2 are clearly observed. Those observations indicate that the lm thickness increases with longer deposition time ( Fig. 2a-d ). Fig. 3b shows the X-ray diffraction (XRD) patterns of the MnO 2 /CNT/CNO electrodes. For the samples with a deposition time of less than 5 min, the carbon materials show XRD peaks at only 11 and 20 .
The MnO 2 /CNT/CNO electrodes prepared by 5 to 15 min depositions show weak peaks at 37 and 66 . All of these ndings suggest the amorphous nature of the MnO 2 lms.
28,42
To realize exible solid-state supercapacitors, the MnO 2 / CNT/CNO electrodes and [EMIM][NTf2]-PVdF(HFP) gel electrolyte were used for device fabrication. Fig. 4a shows a hybrid electrodes with various MnO 2 deposition time were studied by CV and GCD measurements. Fig. 4b shows the CV curves of the supercapacitors at a scan rate of 20 mV s À1 . The CV curves of the supercapacitors fabricated by 1-and 2-min MnO 2 / CNT/CNO electrodes demonstrate the rectangular symmetry, indicating facile charging and discharging characteristics. However, the supercapacitors based on electrodes with 15 min MnO 2 deposition lost the rectangular symmetry in the CV curves due to the high ion transportation resistances caused by the densely deposited MnO 2 on the CNT/CNO lms. 26 Fig. 4c shows the capacitance of the supercapacitors as a function of the scan rate. The supercapacitor (1 min MnO 2 deposition) demonstrates the highest capacitance at all scan rates. At 2 mV s À1 , the capacitance is 138 F g À1 (51 mF cm À2 and 4.25 F cm À3 ). Fig. 4d shows CV curves for the supercapacitor prepared by 1 min MnO 2 /CNT/CNO electrodes recorded at scan rates from 2 to 1000 mV s À1 . With increased scan rates up to 1000 mV s À1 , the CV curves still maintained rectangular symmetry, which is ascribed to the highly conductive CNT/CNO lm and the thin MnO 2 layer with low ion transportation resistance. (Fig. 6b) .
To demonstrate the device capability for exible energy storage, the electrochemical performance of the supercapacitor 
Conclusions
In this study, high-performance, exible solid-state supercapacitors were successfully fabricated using MnO 2 -decorated nanocarbon electrodes and [EMIM][NTf2]-PVdF(HFP) gel electrolyte. The supercapacitors are thin, lightweight, and highly exible due to the mechanical exibility of the composite electrodes and the gel electrolyte. The CNT/CNO lms with high SSA and high mechanical exibility act as the mechanical support for the MnO 2 deposition, ensuring high electrochemical performance and exibility. Compared with traditional liquid electrolytes, the gel-electrolyte avoids a rigid package. The exible solid-state supercapacitors achieve the highest energy density of 16.4 W h À1 kg À1 at a power density of 33.3 kW kg À1 .
Furthermore, these devices can maintain high electrochemical stability under large mechanical stress and hence meet the requirements for exible electronic devices. 
